
Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 1411-1415, February 1994
Genetics

Mobile inverted-repeat elements of the Tourist family are
associated with the genes of many cereal grasses

(maize/sorghum/rice/transposable elements/genome evolution)

THOMAS E. BUREAU AND SUSAN R. WESSLER
Department of Botany, University of Georgia, Athens, GA 30602

Communicated by Michael T. Clegg, November 9, 1993 (received for review April 19, 1993)

ABSTRACT Tourist was originally described as a 128-bp
insertion mutation in the maize wx-B2 allele. Subsequent
analysis revealed that Tourist elements are in the introns or
flanking sequences of 11 maize genes and a single barley gene.
In this study we report that Tourist elements are frequently
associated with the wild-type genes of two other grasses, rice
and sorghum. Six of 35 rice and 5 of 8 sorghum complete gene
sequences reported to date contain Tourist elements. Further-
more, 11 additional maize genes have been found to contain
Tourist elements, bringing the current total of elements asso-
ciated with maize genes to 23. Sequence comparison of Tourist
elements has led to the identification of four subfamilies,
designated A-D. Evidence is presented for the recent mobility
of elements in three of these subfamilies and in three of the four
grass species. These data suggest that Tourist elements are
highly repetitive in the genomes of some and perhaps all
members of the grasses.

Repetitive DNA accounts for a large fraction of the genomes
of most higher eukaryotes (1). It has been suggested that
mobile DNA elements make up most of the dispersed com-
ponent of repetitive DNA (2-5). In some species this predic-
tion has been borne out. The Alu family of retroposons
accounts for at least 5% of the genome of primates (6). Alu
elements have been associated with insertion mutations and
are also found in the introns and flanking sequences of
wild-type genes. The 57-kb human hypoxanthine phospho-
ribosyltransferase gene, for example, was found to contain 49
Alu elements (7).

Plants harbor vast amounts of repetitive DNA resulting in
genomes that are, on average, larger than the genomes of
most animals (8). Although many plant transposable elements
have been identified, virtually all are present in <100 copies
per haploid genome (refs. 9-11, and references therein). Only
a few elements, such as del2 (12) and Tourist (13), account for
a significant fraction of dispersed repetitive DNA. del2 is a
4.5-kb non-long-terminal-repeat (LTR) retrotransposon that
was estimated to make up --4% ofthe unusually large genome
of Lilium speciosum (12).

Tourist was first identified as a 128-bp insertion in the
wx-B2 mutant ofmaize (13). This insertion mutation led to the
discovery of a large family of related elements present in 1
barley and 11 maize genes. The Tourist family of elements is
characterized by its small size, terminal inverted repeats
(TIRs), 3-bp target site duplication (usually 5'-TAA-3'), and
potential to form a hairpin structure. The identification of a
Tourist element in a single barley gene prompted us to
perform a more rigorous search for elements in other plant
species. Here we report the identification of 25 additional
Tourist elements that are in the introns or flanking sequences
of wild-type genes from maize, barley, rice, and sorghum.

Furthermore, we have used PCR analysis to demonstrate the
recent mobility of Tourist elements in rice and sorghum.

MATERLALS AND METHODS

Plant Material. Sorghum germ plasm was obtained from the
USDA-ARS Southern Regional Plant Station at Griffin,
Georgia, and Oryza sativa germ plasm was from G. Khush
(International Rice Research Institute, Philippines). Sor-
ghum and rice genomic DNAs were isolated as indicated by
Dellaporta et al. (14). Genomic DNAs of other Oryza species
were obtained from G. Kochert (University of Georgia,
Athens).
DNA Sequence Analysis. Data base searches and sequence

analyses were performed using the computer program suites
of IntelliGenetics (version 5.4; IntelliGenetics) and GCG
(version 7.0) (15) accessed through the BioScience Comput-
ing Resource at the University of Georgia. Data base
searches using the algorithm BLAST (16) were performed via
electronic mail to the National Center for Biotechnology
Information at the National Library of Medicine (March
1993).
DNA Amplification. The following oligonucleotides were

synthesized corresponding to sequences of the sorghum phos-
phoenolpyruvate carboxylase (PEPC) (17) and rice phy-
tochrome 18 (PHY18) (18) genes. Nucleotide positions relative
to the start of translation are given in parentheses.
PEPC2159S, 5'-GTTCTGTTCTTGGATGGGTG-3' (nt 2159-
2178); PEPC3829A, 5'-TTGCAGCGCCACATAGAGAG-3'
(nt 3829-3809); PHY183936S, 5'-CTGGCATGTCAACCT-
TCATC-3' (nt 3936-3955); PHY184808A, 5'-CTTCAGTCT-
GCAAGTACGTCC-3' (nt 4808-4788).
PCR was conducted as described (13). The PCR mixture

consisted of 10 mM Tris HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 0.01% gelatin, all four dNTPs (each at 200 AuM), 70 ng
of each primer, 200 ng of genomic DNA, and 2.5 units of
Thermus aquaticus DNA polymerase (Perkin-Elmer) in a
total volume of 100 til. A step program of 1 min at 950C, 2 min
at 600C, and 3 min at 720C was repeated 40 times followed by
a final extension at 720C for 10 min. DNA fragments con-
taining the fourth intron of the sorghum PEPC gene were
amplified from sorghum genomic DNA using the primers
PEPC2159S and PEPC3829A, blunt-ended, and cloned into
pUC119 (19) digested with Sma I. Likewise, DNA fragments
containing the fifth intron of the rice phytochrome 18 gene
were amplified from rice genomic DNA using the primers
PHY183936S and PHY184808A and subsequently cloned.
Double-stranded templates were sequenced using a Seque-
nase kit (United States Biochemical) as directed by the
manufacturer.

Abbreviations: TIR, terminal inverted repeat; PEPC, phospoenol-
pyruvate carboxylase; LTR, long terminal repeat.
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RESULTS
Tourist Elements in Maize, Sorghum, Rice, and Barley. To

identify Tourist elements in the complete GenBank (version
75.0) and EMBL (version 34.0) data bases, a consensus TIR,
based upon previously described maize and barley Tourist
TIRs, was used as a query sequence with the search programs
FASTA (GCG), FASTDB (IntelliGenetics), and BLAST (NCBI).
Several additional Tourist elements identified in this way
were then used as query sequences for further searches. The
sequences summarized in Table 1 have been classified as
Tourist elements because they share other features besides
TIR similarity. Like the previously reported elements, most
of these elements are short (113-343 bp), have significant
potential to form DNA secondary structure, and are flanked
by 3-bp direct repeats. In most cases, this direct repeat is
5'-TAA-3', indicating a strong target site sequence prefer-
ence (Table 1). All of the Tourist elements identified in our
survey were associated with normal/wild-type genomic gene
sequences.
When the elements in Table 1 are combined with the 11

elements reported in the prior study, it becomes evident that
Tourist elements are a major component of the genomes of
several grasses. To date, 23 Tourist elements have been
found to be associated with maize genes, representing about
one-third of the genomic maize gene sequences submitted to

the GenBank and EMBL data bases (13). Similarly, 6 of 35
submitted genomic rice gene sequences, 5 of 8 submitted
genomic sorghum gene sequences, and 2 of 40 submitted
genomic barley gene sequences have at least one Tourist
element in introns or flanking regions (only one allele for each
locus was counted).
Four Subfamilies of Tourist Elements. All of the Tourist

elements described to date can be classified into four sub-
families based on their length and/or conserved sequence
domains. These features are summarized in Fig. 1. Tourist A
members are small (133 bp on average) and have 5'-
GGATT-3' repeats that are not present in significant numbers
in the other subfamilies. All of the elements described in a
previous report belong to the Tourist A subfamily (13).
Tourist B and C members range in sequence similarity from
46 to 95% (data not shown), resulting from three shared
regions besides those held in common by all Tourist ele-
ments: (i) a conserved internal region (domain I), (ii) a
subterminal poly(A)poly(T) tract, and (iii) one copy of the
sequence 5'-TCACATCGAAT-3' located 39-50 bp from one
terminus (box I) (Fig. 1 A and B). Tourist C elements are
longer than Tourist B elements because they contain an
additional domain, designated I', which is like domain I
(-70%o sequence similarity) but is in the inverse orientation.
Tourist D members differ from other subfamilies by their

Table 1. Tourist elements found in the GenBank (version 75.0) and EMBL (version 34.0) data bases
Element AGO, 3-bp flanking

Tourist name Query Definition Position size, bp % AT kcal/mol host sequence Ref.
Maize
Zmi3 (A) Zm6 Cat3 (4L) 5' (-171) 137 53 -58.3 TAA TAA 20
Zml4 (A) Zm3 Metallothionein 5' (-421) 133 65 -37.3 GGA ATT 21
ZmJS (D) Os) Protein kinase 5' (-935) 240 58 -74.8 TAA TAA 22
Zm)6 (D) ZmJ5 Bzl (9S) 3' (+1852) 38* ND ND TAA 23
Zm)7 (D) Zm)S P (1S) in 2 (+2385) 113 73 -28.2 CTA TAA 24
Zm)8 (D) Zm2O Oleosin 3' (+1068) 299 67 -67.8 TAA TAA 25
Zm)9 (D) Zm)7 Polyubiquitin 5' (-1468) 159 82 -49.6 TAA TAA 26
Zm20 (D) Zm)7 Adhl-JCm (1S) 3' (+3642) 189 74 -84.6 TAA TAA 27
Zm21 (D) Zm)7 Cat3 (4L) in 2 (+2123) 51* ND ND TAA - 20
Zm22 (A) nl Shrunken-i (9S) in 7 (+2941) 139 63 -36.3 TAA TAA 28
Zm23 (AID) nl B-intense (2S) 5' (-419) 128 56 -45.6 TAA TAA 29

Sorghum
Sb) (B) dTIR HPRG 3' (+1479) 229 69 -43.5 TAA TAA 30
Sb2 (B) Sbl HPRG 5' (-842) 232 70 -39.0 TAT TGG 30
Sb3 (B) Sb) HPRG 5' (-598) 248 68 -49.1 TAA ATA 30
Sb4 (B) Sb) NMDP II 5' (-868) 242 66 -37.6 -A TAA 31
SbS (B) Sb) PEPC CP21 5' (-424) 415* ND ND TCC 32
Sb6 (C) Sb) PEPC CP46 in 4 (+2246) 343 68 -74.0 TAA TAA 17
Sb7 (B) dTIR tRNA-glycine 3' (+82) 28* ND ND TTT 33

Rice
Os) (C) Sb) Phytocrome 18 in 5 (+4056) 338 68 -84.6 GAG GAG 18
Os2 (C) Sb) rabl6B 5' (-650) 330 66 -77.2 TAT TCA 34
Os3 (C) Os) a-amylase 2A 5' (-375) 206* ND ND CAT 35
Os4 (C) Os2 Oryzacystatin-II in 1 (+244) 299 70 -50.1 TAA TAA 36
OsS (C) Os) PAL 5' (-601) 213* ND ND AAC 37
Os6 (C) Osl Starch branching 5' (-813) 335 70 -82.9 AGT AGC 38

Barley
Hv2 (D) Zml8 Chalcone synthase in 1 (+891) 168 64 -48.3 TAA TAA 39
In the Tourist name column, the subfamily designation is given in parentheses. Classification of Tourist-SbS, -Sb7, -Os3, and -Os5 is tentative.

Tourist-Zml-1 and -Hv) are members of the Tourist A subfamily (13). nl, Not listed in databases. A Tourist element (Tourist-Zm23) is located
in the 5' flanking sequence of the maize B-intense gene (V. Chandler, personal communication). Tourist-Zm22 has been previously referred to
as MISD-1 (28). Abbreviations of gene names are as follows: Cat, catalase; Bz, UDPglucose:flavanol 3-O-glucosyltransferase; Adh, alcohol
dehydrogenase; HPRG, hydroxyproline-rich glycoprotein; NMDP II, NADP-malate dehydrogenase; rab, responsive to abscissic acid; PAL,
phenylalanine ammonia-lyase. Chromosome location is indicated in parentheses. Distance between the translation start site of the host gene
and the Tourist element sequence is given as the position; 5', 3', and "in" indicate positions (nt) within the 5' flanking, 3' flanking, and intron
sequences, respectively. For AG0, optimal folding of DNA sequences was performed using the FOLD program (GCG) as described (13). ND,
not determined. Inverse orientations were used for flanking sequences of Tourist-Zml8, -Zml9, -Zm20, -Zm21, -Zm22, and -Hv2. -, Sequence
not available.
*Only partial sequence available. Tourist-SbS harbors another inverted-repeat element named Stowaway (unpublished data).

Proc. Natl. Acad. Sci. USA 91 (1994)
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FIG. 1. Multiple alignments of members of the Tourist B (A), C (B), and D (C) subfamilies; only complete elements are shown. Alignments
were performed using the GCG program PILEUP (with a gap penalty of 3.0 and a gap length penalty of 0.3) and visualized using BOXSHADE. The
inverse orientations of Tourist-Sb2, -Sb3, -Sb6, -Osl, -Os2, -Zm18, and -Hv2 were used to obtain optimal alignment. Solid arrows indicate the
approximate position of the TIRs and open arrows indicate the flanking direct repeats.

distinctive but related TIR sequence and their variable length
(Fig. 1C).

Multiple Elements Associated with Three Genes. Three
Tourist B elements are in the flanking DNA of the sorghum
hydroxyproline-rich glycoprotein gene (Table 1 and Fig. 2).
Sb2 and Sb3 are arranged in tandem in the 5' flanking region

with the 3' terminus of Sb2 and the 5' terminus of Sb3
overlapping by 5 bp. Members of different Tourist subfami-
lies were also found near each other. Zm5 (Tourist A) and
Zml8 (Tourist D) are 86 bp apart in the 3' flanking sequences
of the maize oleosin gene. An even more striking example is
the two complete (Zm2O, Tourist D; Zm3, Tourist A) and five
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FIG. 2. Complete and partial Tourist elements in the flanking regions of the sorghum hydroxyproline-rich glycoprotein gene (A) and maize
oleosin (B) and Adhi-Cm genes (C). Tourist element locations are shown relative to coding regions (solid box), transcription start sites (bent
arrow), and polyadenylylation signals (A). Element subfamilies are indicated by shaded boxes with open inverted arrows (TouristA), open boxes
with dark shaded inverted arrows (Tourist B), and open boxes with light shaded inverted arrows (Tourist D). Inverted arrows indicate TIRs and
are not drawn to scale. Boxes corresponding to partial elements (boxes 1-5) in the 3' flanking region of the maize Adhi-Cm allele are shaded
to indicate their Tourist subfamily affiliation. The insertion site of Tourist-Zm8 in the maize Adhi-1S allele is marked by an asterisk.

partial Tourist elements in the 3' flanking region of the maize
Adhi-Cm gene. These partial elements correspond to degen-
erate Tourist A and D elements. Fragments 1, 4, and 5 share
>60% sequence similarity to Tourist-Zml, -Zmi4, and
-Zm20, respectively. The 5' half of fragment 3 is identical to
the first 24 bp of Zm20. The remainder of fragment 3 is
identical to fragment 2. In total, Tourist sequences account
for =60%, 65%, and 35% of the reported 3' flanking regions
of the sorghum PEPC, maize oleosin, and maize Adh1-Cm
genes, respectively (data not shown).

Mobility of Tourist A, C, and D Subfamlies. Tourist was
originally identified as a recent insertion into the waxy gene
of maize (13). In that study we cited polymorphisms between
nonmutant maize genes to document the insertion of two
other members of the Tourist A subfamily, Zm3 in Adhi-Cm
and Zm8 in Adhi-iS. Similarly, Zm20, a Tourist D element
located in the 3' flanking region of maize Adhi-Cm, corre-
sponds to an insertion polymorphism previously noted be-
tween the Adhl-Cm and Adhl-iS/F alleles (27). The Adhi-
IS/F alleles lack Zm20 and have only one copy of the target
site, 5'-TAA-3'. The determination of the divergence date of
Adhi-Cm and Adhi-iS as =1.2 million years ago provides
evidence for the relatively recent insertion ofZm3 (Tourist A)
and Zm20 (Tourist D) (40).
To establish a recent mobile history for Tourist C mem-

bers, Sb6 and Osi, located in the sorghum PEPC and rice
phytochrome 18 genes, respectively, were used for a PCR-
based search of insertion polymorphisms in homologous loci
of related species. These elements were chosen for this
analysis because (i) both are located in introns (see Table 1),
thereby facilitating the selection ofPCR primers in the highly
conserved flanking exons, and (ii) both are flanked by perfect
3-bp direct repeats, thus, allowing us to predict that alleles
lacking these elements should have only one copy of the 3-bp
target sequence.
As shown in Fig. 3, two subspecies of Sorghum bicolor

lack Sb6 from intron 4 of their PEPC genes. Similarly, two
wild relatives of the domesticated Oryza sativa, Oryza pun-

cata and Oryza eichingeri, lack Osi in intron 5 of their
phytochrome 18 genes. In both cases, alleles lacking these
elements had only one copy of the putative 3-bp target site.

DISCUSSION
The diversity ofthe Tourist family precludes our ability to use
traditional means, such as Southern or slot blots, to estimate
element copy number in cereal grass genomes. Pairwise
alignments of Tourist elements within the same organism
indicate that <70% nucleotide similarity is not uncommon
(data not shown). Given this level of sequence divergence,
even low-stringency washes would not allow cross-hy-
bridization between many of the elements described in this
study. Despite this limitation, we believe that the frequent
association of single and multiple Tourist elements with
normal genes offour grasses indicates that this is a very large
family that can account for a significant fraction of the
repetitive DNA component of these species.
Our findings have important implications concerning the

organization and evolution of the genomes of grasses, in
particular, and possibly of higher plants in general. A large
fraction of the genomes of most higher plants is repetitive.
The maize and barley genomes, for example, are -z78% and
76% repetitive, respectively (41). To understand the structure

A
Sbb ATCTTTCAATTZA<- Sb 6->TAAGAGAAAAACA
Sbd ATCTTTCAATTAA GAGAGAAACA
Sba ATCTTTCAATTA& GAGAGAAACA

B
OS TGTTTTGCTTGA <-0s1->GAGTCCACTGCTG
Op GGTTTTGCTTGA. CCCACTGCTG
0O GGTTTTGCTTGAG CCCACTGCTG

FIG. 3. DNA sequence of insertion polymorphisms correspond-
ing to Tourist-Sb6 and -OsL. (A) Tourist-Sb6 is located within intron
4 of the PEPC gene from Sorghum bicolor spp. bicolor (Sbb).
Sorghum bicolor spp. durra (Sbd) and Sorghum bicolor spp. arun-
dinaceum (Sba) lack Tourist-Sb6 and have only one copy ofthe target
site 5'-TAA-3' (underlined). (B) Similarily, Tourist-Os) is located
within intron 5 of the rice phytochrome 18 gene from Oryza sativa
(Os). Oryza puncata (Op) and Oryza eichingeri (Oe) lack Tourist-Os)
and have only one copy of the target site 5'-GAG-3' (underlined).

A
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of the repetitive DNA of plant genomes, several researchers
used hydroxyapatite chromatography and electron micros-
copy to determine that a large fraction is composed of short,
highly repetitive, interspersed sequences that contain in-
verted repeats (for review, see refs. 42-44). The Tourist
family fulfills these criteria and as such may represent the
prototype element family of inverted repeat interspersed
repetitive DNA.

Tourist shares some features with short interspersed ele-
ments (SINEs) (45). Like mammalian Alu elements, Tourist
elements are short, mobile, nonautonomous, and frequently
associated with genes. In addition, like Alu, Tourist elements
are conserved in distantly related species. It has been esti-
mated that Alu elements are present in species that diverged
>65 million years ago (46). Similarly, the presence of Tourist
in the genomes of maize and rice indicates conservation over
50 million years ago (40). These similarities are superficial
and are not indicative of an underlying relationship between
Tourist and Alu elements. Rather, their common features
reflect the success of these families in their respective hosts.
We are unable, at this time, to classify the Tourist family

with regard to its mechanism of transposition. Like elements
that transpose via a DNA intermediate, it has short TIRs (9,
11). Unlike many DNA elements, however, there is no
evidence for the excision of Tourist elements in either ger-
minal or somatic lineages. Tourist elements lack both an
A-rich region at the 3' terminus and a polymerase III pro-
moter. These features, which are found in short interspersed
elements (SINEs), like Alu, are commonly associated with
RNA-mediated transposition (45). Finally, it is unlikely that
Tourist elements are "solo" LTRs like those found in several
eukaryotes (10, 47, 48). It would be difficult to envision solo
LTRs with the structural characteristics of the Tourist family.
That is, solo LTRs are typically flanked by 5-bp direct
repeats, have short TIRs (=5 bp), and usually do not have
significant potential to form stable DNA secondary struc-
tures. Our difficulty in classifying Tourist at this time may
also reflect an unusual mode of transposition. Additional
clues to the mechanism of transposition of this interesting and
evolutionarily important family may come from experiments
to identify either a larger autonomous element or intermedi-
ates in the transposition reaction.
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